work, the fracture surface as examined by SEM was exposed to reveal a central hole (on nuclei center) in banding PE spherulites. However, the interior morphology for general lamellar textures is not clear enough, as comparison to much better resolved top-surface rings and their lamellae patterns. Analyses of bulk PE were thus mainly based on the top-surface morphology, leaving issues of the interior lamellar assembly in banding spherulites still unresolved. This work, using PEO/PLLA blend as a model, intended to probe further, focusing on interior lamellae assembly in correlation with surface/interior cracking and banding by taking advantage of the water-soluble property of PEO under water-etching treatment. Such 3D dissection approach was also successfully adapted to interpret the correlation between the inner lamellar assembly, outer surface banding and 3D banding spheroids in poly(ethylene adipate) crystallized at T c = 28±1°C [18] . Objectives in this letter were to utilize a technique of selectively removing the PEO component for exposing the cross-sectional surfaces of bulk-form samples for dissecting the inner PLLA lamellae to probe the correlations between inner cracks and outer ring bands in PEO/PLLA blend's crystal phases. Lamellar patterns and ring-band types in blends were found to vary with respect to blend compositions. The PEO component, used for helping to induce rings and suppressing cracks, could be easily etched out using pure water after its co-crystallization with PLLA in blends. As PEO and PLLA co-crystallized in two stage-crystallization, the role of PEO in the crystallized PEO/PLLA blend can be regarded as a temporary moldable filler among the PLLA lamellae. In continuing the previous study [16] , correlations between the rings, cracks and lamellar pattern in ring-banded spherulites in PEO/PLLA blends were probed in greater details by comparing the lamellae and crack behavior of PLLA crystallizing with different PEO contents in blends. This study mainly focused on the PEO-rich blend compositions, and within this composition range, the blends were known to show unusual radial and irregular crack patterns instead of concentric cracks [16] . Objectives were further probing the mechanisms of lamellar patterns and orientation in ring bands responsible for inducing special types of surface rings and interior lamellar assembly and cracks in crystallized and cooled polymers at micro-scale, by delicately removing PEO from crystallized PEO/ PLLA blends, but without altering the already fixed PLLA crystals, to expose more details of interior morphology.
Experimental 2.1. Materials
PEO with M w = 20 000 g/mol, PDI = 1.16, T g = -60°C and T m = 64°C, was obtained from Aldrich (USA). PLLA was purchased from Polysciences, Inc. (USA), with M w = 11 000 g/mol, PDI = 1.11, T g = 45.3°C and T m = 155°C. Materials were used as received without further purification.
Preparation of PEO/PLLA thin films
Blends sample films of PLLA with PEO were prepared by solution-casting using chloroform as solvent. Two polymers of intended compositions were dissolved in solvent with a concentration of 4 wt%, well stirred, and cast onto micro glass slides at 45°C. The solvent in blend films was first evaporated and dried at 45°C for 24 h, and then further dried in vacuum at ~40°C for several days. Blend samples were pressed as thin films between two micro glass slides to obtain uniform film thickness (~10 µm) on a heating stage. Crystallization of blend samples was done at isothermal 110°C (crystallization temperature, T c ) by quenching from the molten state at maximum melting temperature (T max ) = 190°C. Degradation of neat PLLA under static air was analyzed using thermogravimetric analysis (TGA). In air, degradation of neat PLLA initiated at ~200°C. As a result, 190°C was used as T max in this study. As PEO in blends is easily water soluble, PEO could be water-etched from PEO/ PLLA blends, leaving the PLLA lamellae unaltered by dripping deionized water on to tilted sample. For this purpose, an easily releasable polyimide (PI) film was used for temporary covering the samples during crystallization; after crystallization and cooling, PI film was peeled off from blend samples. Furthermore, a gentle etching process was conducted to maintain the polymer film sticking on the substrate rather than floating on water.
Sample characterization
A polarizing optical microscope (Optiphot-2-POL, Nikon, Japan), equipped with a digital camera charge-coupled device (CCD) and a microscopic hot stage (Linkam THMS-600 with TP-92 tempera-ture programmer), was used for characterizing crystalline morphology of the polymers. Samples of solution-cast films of PEO/PLLA blends were also examined using a scanning electron microscope (SEM) (Quanta-400F, FEI, USA), and its accelerating voltage was 10 kV for revealing the lamellar pattern of spherulites. The top surfaces of the exposed film samples on the bottom micro glass slides were then coated with gold by vacuum-sputtering prior to SEM characterization.
Results and discussion
POM and optical microscopy (OM) characterization was performed on the 110°C-crystallized PEO/ PLLA blends of several PEO-rich compositions (PEO ! 50 wt%) for further clarifying the correlations between the patterns of the crystalline ring bands and cracks. During the two-stage crystallization (first at crystallization temperature T c = 110°C then cooling to ambient temperature) of the PEO/ PLLA blends, the pre-formed PLLA ring-banded lamellae at T c serves as nucleating templates for the later-crystallizing PEO species upon cooling to ambient temperature, and then the cracks could be observed after the PEO crystallizing. Figure 1 shows with increasing of the PEO content, the PLLA optical ring bands became less ordered. Under in-situ observation by using POM, long cracks always took place at the impingement of PEO spherulites with the preformed PLLA crystals. At 80 wt% of PEO in the PEO-rich blend, the PLLA optical ring bands in the spherulites are not distinct or entirely disrupted at all, as shown in the POM graph of Figure 1c . And, the crack pattern was changing from the long radial type to the short irregular type as the content of PEO increase to 80 wt%. There could be found a transition stage of the crack patterns at PEO/PLLA (70/30) blend which had both the radial and the irregular cracks on one sample. Cooling-induced thermal shrinkage due to directional CTE difference alone may not be sufficient in fully accounting for the cracks of these different types. Figure 2 shows the POM and OM graphs of the water-etched PEO/PLLA blends after the two-stage crystallization. Upon water-etching, it was found that PEO was dominantly and selectively removed from the ridge bands to expose the inner PLLA crystals underneath the ridges. As will be shown in latter results/discussion, PLLA lamellar crystal plates in the ridge region are perpendicular to top surface of the samples, and PEO component tends to aggregate between the PLLA lamellae that point upwards. Thus, upon water-etching, the ridge bands were visibly lined with lenticular-shape voids/cracks that were previously occupied by PEO components. The OM graphs for same samples are shown at right side of the POM graphs for comparison of contrast between POM and OM imaging interpretation on the etching effect. For Figure 2a and Figure 2b , the water-etching affected not only on the bright bands but also dark band; however, the etching took place more severely and circumferentially on the entire dark bands, which was indicated from our previous study [16] . By comparison, the bright band (ridge band) remained relatively unaffected by water etching but the bright band became coarser after etching. For Figure 2c , the etching of PEO from the PEO/PLLA (80/20) blend revealed that the PLLA lamellae assumed seaweed patterns, with connected etched to remove the PEO from the blend and as a result, PLLA lamellar plates were more clearly exposed. The fractured-surface morphology in the SEM graphs display clearly that the lamellar assembly and orientation are oppositely different in the valley and ridge regions. These two regions are zoomed-in and magnified as shown in SEM graphs in Figure 3c (fracture across the valley band) and Figure 3d (fracture across the ridge band), respectively. The lamellar assembly underneath the valley band apparently runs in circumferential direction while the lamellae underneath the ridge band run perpendicular to the film surface. The perpendicular lamellae underneath the ridge band would appear as 'edge-on' when viewed from the top; conversely, the circumferential lamellae underneath the valley band would appear as 'flat-on' when viewed from the top. Details of the micro-lamellar orientation and void patters as exposed in the PEO/PLLA (50/50) were shown in two schemes (Figure 3e and 3f). The two direction lamellar assembly mention above is at micro-scale, mainly combining from nano-scale PLLA lamellar crystals and amorphous PLLA chains, called as flat-on micro-lamellae and edge-on microlamellae, respectively. In addition, the fractured and water-etched interiors of PEO/PLLA (50/50) blend also expose interesting correlations between the lamellar plates and crack orientations. Lenticular-shaped voids on the top surface are oriented in the radial direction between the perpendicular edge-on micro-lamellae in the ridge band (bright bands). The schemes, reflecting the actual fractured morphology in SEM graphs shown earlier in Figure 3 , show that the voids are not only on the top surface but also on the hidden interior exposed by the fracture surface, as indicated by the arrow marks. On the other hand, with increasing PEO contents in PEO/PLLA blends, the water- As the PEO content increases even higher to 80 or 90 wt%, only the irregularly twisting microlamellae were present, and the micro-lamellae are in less dense assembly. In Figure 4b and 4c, some connected voids appear, similar to the OM-revealed result as shown in Figure 2c . Thus, PEO molecules were confined in the interlamellar regions of PLLA crystals, substrate and top cover. When PEO crystals met and impinged each other in this limited space, the void appeared from the volume reduction of the PEO crystallization. The void was forced to exist by the density difference between molten and semicrystalline PEO state. At the same time, the crack showed up by using POM observation. With the PEO contents in PEO/ PLLA blends increase to 70 or 80 wt%, the lamellar assembly and crack formation in the PEO-rich blends have similar mechanisms as that in PEO/ PLLA (50/50) blends, but the PLLA lamellar plates decrease in dimensions and orderliness. The PLLA lamellae in the PEO-rich PEO/PLLA blends are increasingly similar to seaweeds with random twists and arrangement, and the lamellae are no longer regularly assembled to perpendicular orientation in ridges and horizontal positions in valleys. Cracks appear to turn as lamellae take turn, and they are no longer in the regular radial direction, but take irregular turns with the randomly oriented PLLA lamellar crystals.
Conclusions
Correlations among internal micro-voids/cracks, ring bands, and interior lamellar assembly in PEO/ PLLA blend were analyzed; and bulk-form and thin-film blend samples with different compositions were probed for interior lamellar assembly extending to outer-surface morphology. By extracting the water-soluble PEO component from the crystallized PEO/PLLA blend of PEO-rich compositions, the PLLA lamellar textures further revealed a complex pattern. The periodical interior micro-lamellar textures in PLLA spherulite as exposing by SEM observation might have further help to construct the structure model for banded spherulites in bulk-form samples. By exposing the interior assembly of thick bulk polymer blend samples that formed either cracks or ring bands on top surface, the interior PLLA crystal assembly, after extracting out water-soluble PEO, was more clearly demonstrated. Such views and aims have been rarely dealt with, if any before in the literature, for revealing the inner PLLA spherulitic structure in 3D (i.e., x, y and z-views). Lamellar-twisting model, though tested and proposed for long time by many researchers, dealt only with semicrystalline polymer samples mainly in thin-film state (~1-5 µm). The results in this work have generated alternative, and perhaps richer, views on interior lamellar assembly in thick bulk state that may be responsible for leading to the top-surface crack/ring bands. In 3D views by cutting across the band ridge and valley, respectively, the lamellar assembly underneath the valley band apparently runs in the circumferential direction while the lamellae underneath the ridge band run perpendicular to the top-surface of samples. Moreover, the internal and exterior voids/cracks in crystallized PLLA always run parallel to the micro-lamellar plates. The radial cracks/voids always coincide well with the ridge band of the alternating ring bands, as underneath the ridge regions, the lamellae plates are oriented perpendicularly to the top surfaces and are easily visible from the top views. Upon cutting across the thickness section of the bulk samples, voids/cracks in the valley regions, on the other hand, are sandwiched between tangential lamellar plates, and thus not visible from the top surface.
